ABSTRACT: Several bioassays were conducted with young chicks and pigs fed phosphorus (P)-deficient cornsoybean meal diets. With diets for chicks containing .62% Ca and .42% P (.10% available P), graded doses of a citric acid + sodium citrate (1:1, wt:wt) mixture (0, 1, 2, 4, or 6% of diet) resulted in linear (P < .01) increases in both weight gain and tibia ash. Relative to chicks fed no citric acid, tibia ash (%) and weight gain (g/d) were increased by 43 and 22%, respectively, in chicks fed 6% citric acid. Additional chick trials showed that 6% citric acid alone or sodium citrate alone was as efficacious as the citric acid + sodium citrate mixture and that 1,450 U/kg of phytase produced a positive response in bone ash and weight gain in chicks fed a diet containing 6% citrate. Varying the Ca:available P ratio with and without citrate supplementation indicated that citric acid primarily affected phytate-P utilization, not Ca, in chicks. Moreover, chicks did not respond to citrate supplementation when fed a P-deficient (.13% available P), phytate-free casein-dextrose diet.
Introduction
A few early studies suggested that organic acids may improve phytate-phosphorus utilization in animals. A Harvard University clinical study (Shohl, 1937) revealed that dietary addition of a citric acid/sodium citrate mixture to rachitogenic diets that were deficient in Ca and(or) phosphorus (P) would prevent rick-1 Appreciation is expressed to ADM Corp., Decatur, IL and BASF Corp., Mount Olive, NJ for furnishing citric acid and phytase, respectively. 
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Young pigs averaging 10 to 11 kg also were used to evaluate citric acid efficacy in two experiments. A Pdeficient corn-soybean meal basal diet was used to construct five treatment diets that contained 1) no additive, 2) 3% citric acid, 3) 6% citric acid, 4) 1,450 U/kg phytase, and 5) 6% citric acid + 1,450 U/kg phytase. Phytase supplementation increased (P < .01) weight gain, gain:feed, and metatarsal ash, whereas citric acid addition increased only gain:feed (P < .05) and metatarsal ash (P < .08). A subsequent 22-d pig experiment was conducted to evaluate the effect of lower levels of citric acid (0, 1, 2, or 3%) or 1,450 U/kg phytase addition to a P-deficient corn-soybean meal diet. Phytase supplementation improved (P < .01) all criteria measured. Weight gain and gain:feed data suggested a response to citric acid addition, but this was not supported by fibula ash results (P > .10). The positive responses to phytase were much greater than those to citric acid in both pig experiments. Thus, dietary citric acid effectively improved phytate P utilization in chicks but had a much smaller effect in pigs.
ets in rats. These data lay dormant for almost 20 yr until Pileggi et al. (1956) conducted a study to further examine the effects of citric acid in rats. In the latter study, rats were fed rachitogenic diets that were limiting in Ca and(or) P in the absence or presence of phytate. A 1:1 mixture of citric acid:sodium citrate added to a phytate-containing diet elicited a 61% increase in femur ash and a dramatic decrease in fecal P (percentage of P intake) from 94 to 48%. An important finding in their study was that rats responded to citric acid addition only in phytate-containing diets. The rats did not respond to citric acid when it was added to a phytate-free diet, thereby suggesting that citric acid had a specific effect on phytate-P, and not on nonphytate or available P. Other than our earlier report (Boling et al., 1998) , we were unable to find any published literature on the effects of citric acid on phytate-P utilization in poultry. Studies reported by Hö hler and Pallauf (1993), Han et al. (1998), and Li et al. (1998) examined the effects of citric acid and phytase in growing pigs fed P-deficient corn-soybean meal diets. Also, Radcliffe et al. (1998) conducted similar studies with weanling pigs. Effects of citric acid on pig performance and nutrient digestibility were inconsistent in these studies, although zinc (Zn) utilization was consistently improved (Hö hler and Pallauf, 1993) .
The overall objective of the current experiments was to determine whether the addition of citric acid to a P-deficient corn-soybean meal diet would improve phytate-P utilization in young chicks and pigs.
Materials and Methods

General Procedures (Chick Assays)
All housing, handling, and euthanasia procedures were approved by the University of Illinois Committee on Laboratory Animal Care. New Hampshire × Columbian male (Exp. 1 and 2) or female (Exp. 3) chicks hatched at the University of Illinois poultry farm were used in three chick experiments. Chicks were housed in thermostatically controlled starter battery cages with raised wire floors in an environmentally controlled room where continuous light (24 h) was provided daily. From d 0 to 7 after hatching, chicks were fed a nutritionally complete corn and soybean meal starter diet (NRC, 1994) containing 23% CP. On d 8 after hatching, following an overnight period of feed removal, chicks were weighed, wing-banded, and assigned to treatment groups so that mean initial weights were similar among the treatment groups. Four replications of four chicks per treatment were fed each experimental diet for 14 d, from 8 to 22 d of age. Feed and water were provided for ad libitum consumption, and all dietary additions were made at the expense of cornstarch.
At the end of each experiment, chicks were euthanatized by CO 2 inhalation for collection of the right tibias for bone ash determination. Tibias were pooled by replicate groups, and adhering tissue was then removed. Bones were dried for 24 h at 100°C, weighed, and dryashed for 24 h in a 600°C muffle furnace. Ash weight was expressed as a percentage of dry bone weight (Chung and Baker, 1990) . Dry-ashed tibias from Exp. 1 also were wet-ashed using HNO 3 and H 2 O 2 (Wedekind et al., 1991 (Wedekind et al., , 1992 and tibia Zn was quantified by atomic absorption spectrophotometry.
General Procedures (Pig Assays)
All housing, handling, and euthanatization procedures were approved by the University of Illinois Committee on Laboratory Animal Care. Pig experiments 5 The basal diet was analyzed for Ca (.62%) and total P (.42%), and available P concentration was estimated based on available P values of feed ingredients (Cromwell, 1992) .
were conducted at the University of Illinois Swine Research Center using crossbred PIC (Franklin, KY) (Line 326 sire × C22 dam) pigs. The pigs were weaned at 21 d of age and housed in an environmentally controlled nursery. Each experimental pen (1.2 m 2 ) contained a woven wire floor, a self-feeder, and a nipple waterer. A corn-soybean meal phase 1 diet containing whey, lactose, and spray-dried animal plasma (21% CP, .85% Ca, .50% available P) was fed during a 14-d postweaning adjustment period. Pigs were then deprived of feed for 12 h, weighed, and assigned to uniform blocks based on sire and body weight. From blocks (based on ancestry) within weight-replicates, pigs were randomly assigned to treatment, and then to their assigned pens. After weighing and allotting, the pigs (three/pen) were continued on a phase 1 diet for an additional 2 d. This was followed by feed removal for 12 h, after which the pigs were weighed and then fed the assigned experimental diets. Diets and water were provided for ad libitum consumption for 18 d (Exp. 4) or 22 d (Exp. 5). Pigs were weighed at weekly intervals. At the end of each experiment, feed was removed for 12 h, after which the pigs were weighed and subsequently killed by electric shock. The metatarsals (Exp. 4) or right fibula (Exp. 5) were removed from each pig for ash determination. Individual bones were pooled by pen, and the pooled bone samples for each pen were ashed. Ashing procedures were conducted as previously described for the chick experiments.
Experiment 1
An initial chick experiment was conducted to evaluate the effect of increasing levels of citric acid when added to a P-deficient corn-soybean meal diet. The five treatments consisted of adding 0, 1, 2, 4, or 6% citric acid to a corn-soybean meal diet (Table 1) that was severely deficient in available P. The basal diet contained .60% Ca and .10% available P 5 . The latter diet has been used previously in our laboratory for evaluation of P utilization (Biehl et al., 1995) . The National Research Council (1994) recommends .45% available P and 1.0% Ca for chicks from 0 to 3 wk of age. Citric acid was supplemented as a 1:1 mixture (wt:wt) of citric acid and sodium citrate (Pileggi et al., 1956 ). Both citrate compounds were 100% pure and were obtained from ADM Corp., Decatur, IL. Growth data were measured, and tibia ash and tibia Zn were determined. Tibia Zn was evaluated because, in addition to P, phytic acid also binds other minerals such as Zn, manganese, iron, Ca and potassium (Erdman, 1979; Biehl et al., 1995) . We hypothesized that if dietary citrate increased phytate-P utilization, it should also improve the utilization of cations such as Zn that are bound to phytic acid.
Experiment 2
It is well known that the dietary Ca level or Ca:P ratio affects P utilization, and also that Ca increases the trace mineral binding potential of phytate (Erdman, 1979) . Results from our first experiment did not establish whether the observed responses to citric acid were due to improving phytate-P utilization directly or whether citric acid was binding and decreasing Ca availability, thereby improving the Ca:P ratio and improving P utilization indirectly by its effects on Ca. The Ca:available P ratio of the diet used in Exp. 1 was 6:1. Therefore, a basal diet with lower dietary Ca was fed to determine whether the dietary Ca:available P ratio might influence the responses to supplemental citric acid. We also determined whether citric acid or Na citrate alone would be as effective as a 1:1 mixture of the two compounds, and whether phytase would produce a positive response in diets containing 6% citrate. Limestone was added in place of cornstarch to a 23% CP corn-soybean meal basal diet that contained .20% Ca and .10% available P (Table 1 ) to obtain 2:1, 4:1, or 6:1 Ca:available P ratios. The 6:1 Ca:available P diet was basically the same diet that was used in Exp. 1. The nine dietary treatments consisted of 1) 2:1 Ca:available P + no additive, 2) 4:1 Ca:available P + no additive, 3) 6:1 Ca:available P + no additive, 4) 2:1 Ca:available P + 3% citric acid + 3% Na citrate, 5) 4:1 Ca:available P + 3% citric acid + 3% Na citrate, 6) 6:1 Ca:available P + 3% citric acid + 3% Na citrate, 7) 6:1 Ca:available P + 6% citric acid, 8) 6:1 Ca:available P + 6% Na citrate, and 9) 6:1 Ca:available P + 3% citric acid + 3% Na citrate + 1,450 U/kg phytase. The phytase was obtained from BASF Corporation, Mount Olive, NJ, and the 1,450 U/kg dietary phytase activity value was based on analysis of the phytase premix by BASF Corporation.
Experiment 3
In Exp. 3 we fed a phytate-free, casein-dextrose diet to confirm that the beneficial responses to citric acid in a P-deficient diet were due to specific effects on phytate-P. Were this the case, chicks should not respond to citric acid supplementation when fed a phytate-free diet. Previous studies in our laboratory demonstrated that chicks fed a P-deficient casein-dextrose basal diet respond to inorganic P but not to phytase or 1α-hydroxycholecalciferol (Biehl and Baker, 1997b) . The casein-dextrose basal diet (Table 2) was formulated to contain .13% nonphytate P (all P derived from casein), .50% Ca, and 15 g/kg vitamin D 3 and was used to construct four dietary treatments. The four treatments were the unsupplemented basal diet, additions of 3 or 6% citric acid, or addition of .10% available P from supplemental KH 2 PO 4 to confirm P deficiency. 
Experiment 4
Results of the chick studies (Exp. 1 to 3) strongly supported the hypothesis that citric acid was effective in increasing phytate-P utilization in chicks. Therefore, it was of interest to determine whether pigs would also respond to citric acid supplementation. Experiment 4 had two objectives: 1) to evaluate the effect of citric acid in a P-deficient corn-soybean meal diet fed to young pigs and 2) to determine whether the effects of citric acid and phytase are additive or synergistic. Barrows and gilts with an average initial body weight of 11 kg were used. Five dietary treatments were fed in a randomized complete-block design with three replications of three pigs per replication. A corn-soybean meal basal diet (Table 1 ) with no added P was supplemented with three levels of citric acid (0, 3, or 6%), 1,450 U/kg phytase, or the combination of 6% citric acid and 1,450 U/kg phytase.
Experiment 5
Based on results obtained in Exp. 4, this study was designed to determine whether a lower level of citric acid (1, 2, or 3%) would be efficacious in young pigs. Five dietary treatments were administered to three pens of three pigs per treatment for 22 d. Pigs with an average initial body weight of 10 kg were allotted to pens in the same manner as in Exp. 4. The experiment was conducted as described for Exp. 4, except fibulas instead of metatarsals were obtained and measured for bone ash. The fibula is a more ideal bone to assay in young pigs, because it is easier to obtain intact, which results in less variability (Biehl and Baker, 1996) . A corn-soybean meal basal diet (Table 1) was supplemented with 0, 1, 2, or 3% citric acid or with 1,450 U/kg phytase.
Statistical Analyses
Data from all experiments were subjected to ANOVA using the General Linear Models procedure of SAS (1990). Differences among treatment means were assessed using the Least Significant Difference test (Carmer and Walker, 1985) . Various orthogonal single df comparisons were also made to evaluate the significance of main effects and interactions.
Results
Experiment 1
Dietary supplementation with graded doses of a citric acid + sodium citrate (1:1) mixture (0, 1, 2, 4, or 6% of diet) resulted in linear (P < .01) increases in weight gain and tibia ash (Table 3) . Chicks fed diets supplemented with 6% citrate had a 43% increase in tibia ash (from 26.9 to 38.6%) and a 22% increase in weight gain (from 290 to 354 g) compared to chicks consuming a diet with no added citrate. In contrast to weight gain and tibia ash, gain:feed ratio was not influenced by citrate supplementation. Tibia Zn also increased quadratically (P < .05) with increasing levels of citrate between 0 and 6%.
Experiment 2
Varying the Ca:available P ratio affected both performance and bone ash results (Table 4) . Regardless of citrate supplementation, increasing the Ca:available P ratio from 2:1 to 4:1 increased (P < .05) gain and bone ash weight. This suggested that Ca was probably more deficient than available P in the basal diet. Citrate addition depressed (P < .05) both chick performance and bone ash when fed in the presence of a 2:1 Ca:available P ratio, likely due to exacerbation of Ca deficiency by the release of additional available P. The interactions (P < .05) of citrate × Ca:available P ratio were interpreted as indicating that 6% citrate supplementation was effective in increasing weight gain only when diets contained a Ca:available P ratio of 6:1, whereas bone ash was increased by citrate addition only when diets contained 4:1 and 6:1 ratios of Ca:available P.
At the 6% supplemental level in diets containing a Ca:available P ratio of 6:1, citric acid, Na citrate, and a 1:1 mixture of citric acid and Na citrate were equally efficacious (Table 4) . Even though the citrate additions were markedly efficacious, addition of 1,450 U of phytase/kg to the diet with 3% citric acid + 3% Na citrate caused further improvements (P < .05) in both weight gain and weight of bone ash.
Experiment 3
Addition of .10% inorganic P to the phytate-free basal diet resulted in significant (P < .05) responses in all measured criteria (Table 5 ). Addition of 3 or 6% citric acid to the basal diet had no beneficial effects on growth performance or tibia ash. Furthermore, 6% citric acid depressed (P < .05) gain, gain:feed, and total weight of bone ash.
Experiment 4
Citric acid or phytase addition resulted in increased gain:feed (P < .05) and metatarsal ash (P < .08) in young pigs (Table 6 ). However, there was no weight gain response to citric acid, indicating that the gain:feed response was due to reduced feed intake. The improvement in gain:feed and bone ash was observed with either 3% or 6% citric acid inclusion, but 6% citric acid did not produce any additional responses beyond that achieved with 3%. As expected, a large response to 1,450 U/kg phytase was observed for all criteria measured, and the magnitude of the phytase responses exceeded (P < .05) those of the citrate responses. The results indicated an additive effect of citric acid and phytase supplementation for gain:feed (P < .05). Overall, the response of pigs to citric acid addition was considerably less than that observed in chicks. It was Means within a column without common superscript letters are different (P < .05).
hypothesized that the reduced response in pigs may have been due to the possibility that the levels of citric acid evaluated were too high to elicit maximum benefits. Therefore, a subsequent pig experiment was conducted to evaluate lower levels of citric acid.
Experiment 5
For all response criteria measured, phytase supplementation resulted in marked increases (P < .05) that exceeded the small responses obtained to citric acid addition. Citric acid supplementation did not increase bone ash in this trial, but weight gain was increased (P < .05) at the 2% level and gain:feed at both the 2 and 3% levels of citrate supplementation.
Discussion
Means of improving P utilization have become increasingly important, primarily because of the concern 3 + 3% Citrate refers to a mixture of 3% citric acid and 3% Na citrate, and 6 refers to 6% citric acid (diet 7) or 6% Na citrate (diet 8).
c Interaction (P < .05) of citrate × 2:1 and 4:1 vs 6:1 Ca:available P ratio for treatments 1 to 6. d Interaction (P < .05) of citrate × 2:1 vs 4:1 and 6:1 Ca:available P for treatments 1 to 6.
v,w,x,y,z
Means within a column without common superscript letters are different (P < .05). Diets 1 to 6 were analyzed statistically as a 3 × 2 factorial. regarding P pollution from animal production units. Over the past decade, a number of studies have shown that phytase effectively improves phytate-P utilization in poultry and swine, thereby reducing the amount of supplemental inorganic P needed in the diet. Citric acid was shown to improve phytate-P utilization in rat studies conducted many years ago (Shohl, 1937; Pileggi et al., 1956 ), but we found no investigations on the effects of citric acid on phytate-P utilization in poultry in the literature. Organic acids such as citric, formic, fumaric, and propionic acid have been found to be effective in improving postweaning performance of pigs fed diets adequate in available P (Giesting and Easter, 1985; Risley et al., 1992) . However, only recently has work been conducted to evaluate the effect of organic acids on dietary P utilization in pigs (Jongbloed et al., 1996; Li et al., 1998) .
In our chick experiments, dramatic responses in weight gain and tibia ash were observed when citrate was supplemented to a P-deficient corn-soybean meal Means within a column without common superscript letters are different (P < .05).
diet. Tibia ash responded markedly with increasing doses of citric acid/sodium citrate; addition of 6% citric acid/sodium citrate to the diet resulted in a 43% increase in bone ash. The bone ash response to 6% citric acid was of the same magnitude as that previously obtained from our laboratory with the addition of 1,450 U/kg phytase (Biehl et al., 1995) . Shohl (1937) observed a 61% increase in femur ash when rats consumed Ca-and P-deficient diets supplemented with citric acid/sodium citrate. Bone Zn was also increased with increasing levels of supplemental citrate in Exp. 1 herein (Table 3) . However, the diet used in Exp. 1 was not Zn-deficient, and it is probable that the responses in tibia Zn were partially due to the increase in feed intake observed with increasing citric acid. Other work with chicks in our laboratory, however, has demonstrated a marked increase in Zn bioavailability of soybean meal when citric acid is supplemented (Edwards and Baker, 1999) .
Our results support the conclusion that citric acid exerts its beneficial effects by increasing phytate-P utilization in chicks fed a corn-soybean meal diet. The corn-soybean meal diet fed herein was high in phytate-P, calculated to contain .10% available P (or nonphytate P) and .32% phytate P (Cromwell, 1992) . The diet w,x,y,z
Means within a column without common superscript letters are different for gain and gain:feed (P < .05) or metatarsal ash (P < .08).
was also severely deficient in P, and previous studies conducted in our laboratory showed that chicks fed this diet responded markedly to inorganic P addition (Biehl et al., 1995; Biehl and Baker, 1997b) . Although citric acid supplementation generally increased feed intake in our chick experiments, the resulting increase in available P intake was not large enough to elicit the large growth and bone ash responses observed. For example, in a previous study (Biehl and Baker, 1997b) , New Hampshire × Columbian chicks consuming a similar P-deficient corn-soybean meal diet had a 26% increase in tibia ash when available P intake increased by 180 mg/chick from inorganic P supplementation. In the current study, chicks had a 44% improvement in tibia ash due to addition of 6% citric acid, with only a 103-mg/chick increase in available P intake (Exp. 1). Furthermore, citric acid supplementation did not elicit any response in a P-deficient phytate-free diet (Table  5 ). The results of Exp. 2 further showed that the effects of citric acid on bone ash were much greater than the effects of varying the Ca concentration or the Ca:available P ratio, indicating that citric acid primarily affected P utilization, not Ca utilization. Finally, citric acid also increased utilization of Zn, a mineral that is often bound to phytic acid (Erdman, 1979) .
It has been shown that citric acid is absorbed across the intestinal brush border membrane via a Na + -dependent transport mechanism that seems to be specific for tri-and dicarboxylic acids (Wolffram et al., 1990 (Wolffram et al., , 1992 . The exact mechanism by which citrate acts in the present study is unknown. It has been proposed that the mode of action of citrate is associated with its Ca-complexing property (Hamilton and Dewar, 1937; Day, 1940; Pileggi et al., 1956 ). Pileggi et al. (1956) further suggested that the antirachitogenic effects of citric acid in rats were attributed to a reduction of the inhibitory effect of Ca on phytic acid hydrolysis. Erdman (1979) reviewed literature and suggested that the phytate molecule binds minerals such as Ca. Perhaps citric acid, a strong chelator of Ca, removes Ca from or decreases Ca binding to the phytate molecule, thus making it less stable and more susceptible to endogenous phytase. One may also speculate that a possible mode of action of citric acid may be associated with its effects on intestinal pH. Gut pH was not measured in the current studies, but citric acid is an organic acid that is metabolized in the body and therefore would not be expected to greatly affect gut pH. Furthermore, in Exp. 2, 6% citric acid, 6% sodium citrate, or a 1:1 combination of the two were similarly efficacious. The number of studies with citric acid are limited, and the findings concerning dietary citric acid on gastrointestinal tract pH have been inconsistent (Gabert and Sauer, 1994) .
The results of Exp. 2 suggested that phytase and citric acid may have some additive or synergistic effects in poultry, but further research is needed to define the optimal levels of the two compounds when fed together. A proper combination of citric acid and x,y,z
Means within a column without common superscript letters are different (P < .05).
phytase may represent a practical solution to improving phytate-P utilization and decreasing P levels in poultry excreta. The small response of pigs to citric acid was surprising relative to the large response observed in chicks. In chicks, weight gain and tibia ash responded more dramatically to citrate than did gain:feed. The weight gain response in chicks was mediated primarily by increased voluntary feed intake. However, in pigs a gain:feed response was observed in both experiments, but a weight gain response occurred in only one experiment (Table 7 ). The gain:feed response in pigs occurred largely as a result of similar or slightly increased weight gain in the presence of reduced feed intake. Bone ash responses were small and were significant (P < .08) in only one pig experiment. An explanation for the difference between chicks and pigs is unknown, but it may be related to other differences previously observed between the two species by Baker (1996, 1997a,b) . In the latter studies, supplementation of 1α-OH D 3 to a P-deficient corn-soybean meal diet containing surfeit levels of vitamin D 3 effectively improved phytate-P utilization in poultry but not in pigs. An explanation for this remains unknown. However, both pigs and chicks responded positively to phytase addition in the current study, as in previous studies (Jongbloed et al., 1996) . Thus, there are unexplained differences between pigs and poultry concerning how the two species respond to dietary additives that improve phytate-P utilization.
Implications
Citric acid at levels of 4 to 6% of the diet was found to be markedly efficacious for improving the utilization of phytate-phosphorus in broiler chicks. Lower levels of citric acid produced only small improvements in phytate-phosphorus utilization in pigs. Although of great interest mechanistically, use of citric acid at levels of 2 to 6% of the diet for improving phytate-phosphorus utilization would not be currently economical for either pigs or poultry. Lower levels of citric acid in combination with phytase should be investigated.
